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RESEARCH ARTICLE

Myeloid Translocation Gene-16 Co-Repressor
Promotes Degradation of Hypoxia-Inducible
Factor 1

Parveen Kumar, Urban Gullberg, Inge Olsson, Ram Ajore*

Department of Hematology, Lund University, Lund, Sweden

* Ram.Ajore@med.lu.se

Abstract

The myeloid translocation gene 16 (MTG16) co-repressor down regulates expression of
multiple glycolytic genes, which are targets of the hypoxia-inducible factor 1 (HIF1) heterodi-
mer transcription factor that is composed of oxygen-regulated labile HIF1a and stable
HIF1B subunits. For this reason, we investigated whether MTG16 might regulate HIF1 neg-
atively contributing to inhibition of glycolysis and stimulation of mitochondrial respiration. A
doxycycline Tet-On system was used to control levels of MTG16 in B-lymphoblastic Raji
cells. Results from co-association studies revealed MTG16 to interact with HIF1a. The co-
association required intact N-terminal MTG16 residues including Nervy Homology Region 1
(NHR1). Furthermore, electrophoretic mobility shift assays demonstrated an association of
MTG16 with hypoxia response elements (HREs) in PFKFB3, PFKFB4 and PDK1 promoters
in-vitro. Results from chromatin immunoprecipitation assays revealed co-occupancy of
these and other glycolytic gene promoters by HIF1a, HIF13 and MTG16 in agreement with
possible involvement of these proteins in regulation of glycolytic target genes. In addition,
MTG16 interacted with prolyl hydroxylase D2 and promoted ubiquitination and proteasomal
degradation of HIF1a. Our findings broaden the area of MTG co-repressor functions and re-
veal MTG16 to be part of a protein complex that controls the levels of HIF1a.

Introduction

Co-repressors modulate gene expression by controlling activities of transcription factor com-
plexes. For example, restoration/elevation of the myeloid translocation gene 16 (MTG16) co-
repressor inhibited expression of key genes of glucose metabolism, which diminished glycoly-
sis, stimulated mitochondrial respiration and decreased cell cycle activity [1]. The conserved
MTG co-repressor gene family with similarity to Nervy in Drosophila also accommodates
MTGS (or eight-twenty one, ETO) and MTG-related protein-1 (MTGRI) [2]. MTG16 is the
most highly expressed isoform in hematopoietic stem/progenitor, erythroid, megakaryocytic,
and B cells [3,4]. Notably, all MTG genes are targets of chromosomal translocations in leuke-
mia as fusion partners to the gene encoding the transcription factor AMLI1 [5-10]. Apparently,
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MTG co-repressors bind only indirectly to DNA, by interactions with transcription factors.
The Nervy Homology Regions (NHRs) of MTG proteins are responsible for additional interac-
tions with co-repressor proteins such as Swi-independent 3A (SIN3A), nuclear receptor co-
repressor 1 (N-CoR) and silencing mediator for retinoid and thyroid receptors (SMRT)
[11,12]. The multi—protein complexes formed recruit histone deacetylases (HDACs) [13],
which catalyze gene repression by lysine deacetylation of histones [14-17] with an essential
epigenetic role in gene transcription.

Mature cells normally cover energy needs for homeostasis by ATP generated through mito-
chondrial respiration. In contrast, neoplastic cells characteristically show low mitochondrial
respiration paralleled with increased glucose uptake, lactate export and extracellular acidifica-
tion, even under good oxygen supply, termed the Warburg effect [18]. This glycolytic switch
driven by activation of oncogenes and inactivation of suppressor genes [19,20] supports ana-
bolic needs for metabolic intermediates required for neoplastic cell growth [20]. Highly prolif-
erating normal cells also show stimulated glycolysis, which is driven by proliferative signals
from growth factors [21]. We discovered that the MTG16 co-repressor inhibited the glycolytic
switch and stimulated mitochondrial respiration [1]. In support of this, expression of hypoxia
—inducible transcription factor 1 (HIF1) glycolytic target genes such as 6-phosphofructo-
2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) [22,23] and PFKFB4 [24] as well as the mito-
chondrial respiration inhibitor pyruvate dehydrogenase kinase isoenzyme 1 (PDK1) [25] were
inhibited. The inhibition may involve negative regulation of HIF1 by MTG16.

HIF1 is a heterodimer composed of oxygen—regulated unstable HIF1o and ubiquitously
expressed stable HIF1f subunits [26]. At hypoxic conditions, the oxygen—dependent protea-
somal degradation of HIF1a is inhibited [27] permitting dimerization with HIF1o, binding of
dimer to hypoxia response elements (HREs) and transcriptional activation of target genes
[28,29]. HIF1 controls cellular adaptation to oxygen lack [30,31] by activating genes that coor-
dinate stimulated glycolysis with repressed mitochondrial respiration [32]. However, HIF1la
may stay active in neoplastic cells even at non—hypoxic oxygen concentrations being activated
by molecules such as pyruvate, lactate, mammalian target of rapamycin (mTOR), reactive oxy-
gen species (ROS), and oncogene gain of function or suppressor gene loss of function as re-
viewed in [33].

Given our findings of MTG16-mediated inhibition of glycolysis and stimulation of mito-
chondrial respiration, we asked whether the MTG16 co-repressor might regulate HIF1 nega-
tively and contribute to the inhibited expression of glycolytic genes such as PFKFB3, PFKFB4
and PDK1 that are down regulated when MTG16 is elevated. For support, we first determined
whether MTG16 is a HIF1o-interacting protein. Then, we investigated whether MTG16 is part
of a HIF1-containing protein complex at target promoters. Furthermore, we investigated
whether ectopically expressed MTG16 affected HIF1o: stability. Controlled biosynthesis of ec-
topically expressed MTG16 was obtained by use of a doxycycline—regulated Tet-On time and
dose—dependent gene expression system in B-lymphoblastic Raji cells [1].

Materials and Methods
Cell Culture

The Burkitt's lymphoma human Raji cells [34] were grown in RPMI-1640 medium containing
10% Fetal Bovine Serum (FBS) (Gibco BRL, Life Technologies, Rockville, MD) and supple-
mented with 11.1 mM glucose. Monkey kidney COS-7 cells [35] were grown in DMEM medi-
um containing 10% FBS. All cell lines were from ATCC.
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Transfection

Raji cells (8x10°) were electroporated with plasmid in 0.4 ml of culture medium using the Bio-
Rad Electroporation Apparatus (Bio-Rad Laboratories, Hercules, CA) with electrical settings of
960 mF and 260V. Antibiotic was added after 48 h for selection of resistant recombinant
clones, which were isolated, expanded into mass cultures and screened for expression.

Generation of stable doxycycline inducible MTG16 clones

The Tet-On 3G tetracycline inducible gene expression system (Clontech, Ozyme, Saint Quen-
tin en Yulines, France) was used for generation of stable doxycycline inducible clones of
MTGI6 inserted under the TRE3G promoter (Prre3c) in B-lymphoblastic Raji cells (Raji/
MTG16 Tet-On 3G cells) as previously described [1]. Incubation with 10-20 ng/ml of the tetra-
cycline analog doxycycline induces Tet-On 3 G trans activator binding to tet operator repeats
within Prggsc leading to transcriptional MTGI6 activation. MTG16 biosynthesis was seen
after 3 to 4 h of induction at a very low concentration (20 ng/ml) of doxycycline making unspe-
cific effects unlikely (data not shown).

Quantitative real time polymerase chain reaction (QPCR)

RNA was isolated using RN Aeasy mini kit # 74104 (Qiagen, Valencia, CA). After isolation,
RNA was incubated with DNase I, #EN0521 (Fermentas Inc, Glen Burnie, MD) for 30 min at
37°C. Then cDNA was synthesized using omniscript RT kit #20511 (Qiagen, Valencia, CA).
The QPCR reaction contained 7.5 pl 2x MAXIMA SYBR mix (Fermentas Inc, Glen Burnie,
MD), 0.5 umoles (0.5 pl) of each primer, 2 pl cDNA template and water to a final volume of
15 pl. PCR parameters were: 50°C for 2 min, 95°C for 10 min, 40 x (95°C for 15 sec, 60°C for
30 sec and 72°C for 30 sec). Primers were designed as shown (S1 Table). Human 18S rRNA and
GAPDH were used as references. Relative quantification values were expressed using the AACt
method normalized to the reference genes and related to the expression of the controls [36].
Normalization: ACt = Ct (sample)—Ct (geomean of Ct of GAPDH and 18S rRNA). AACt =
ACt (sample)- ACt (control). Relative quantification = 2 _AACt

Chromatin Immunoprecipitation (ChIP) assays

ChIP was performed as described previously [37]. For IP, 2 pl polyclonal anti-MTG [38],
mouse polyclonal anti-HIF-1a (#ab2185, Abcam, Cambridge, UK), mouse monoclonal anti-
HIF-1b (#ab2, Abcam, Cambridge, UK), mouse polyclonal anti-b-actin (# sc8432), (SantaCruz,
CA) were used. List of primers used for real time PCR amplification of HRE regions of PDK1,
PFKFB3, PFKFB4, HK, PFK, LDHA and control regions are mentioned in S1 Table. qPCR was
performed with 2 ml of each CHIP DNA sample in duplicate using SybrGreen (MAXIMA
SYBR mix, Fermentas Inc, Glen Burnie, MD) and the ABI StepOnePlus real time PCR system
and normalized to input. Identical amounts of input-DNA were used for IP with specific anti-
body or control B-actin antibody. Fold enrichment was calculated based on Ct as 288Ct where
ACt = Ctpp—Cltinpue and AACt = ACtqpeibody- ACtg actin [39].

Co-immunoprecipitation

Co-immunoprecipitation was performed as described earlier [40]. Raji-MTG16 cells were incu-
bated overnight under 4% O, with doxycycline for expression of MTG16. Alternatively, COS-7
cells were transfected with MTG16 and HIF1a and harvested after 24 h. The cells were homog-
enized with lysis buffer (250 mM NaCl, 20 mM Na-phosphate /pH 7.0/, 30 mM Na-pyrophos-
phate /pH 7.0/, 5 mM EDTA, 0.1 mM Na3zVO,, 10 mM NaF and 0.1%NP-40) supplemented
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with protease inhibitors on ice for 1h. Lysates were cleared by centrifugation at 13000 rpm for
1 h at 4°C and incubated overnight with Protein A Sepharose and antibody. The Protein-
A-Sepharose beads were then washed three times in lysis buffer to remove unbound non-spe-
cific protein. Thirty-ul sample buffer (114 mM Tris HCL /pH 6.8/, 15% glycerol, 105 mM SDS,
238 mM B-mercaptoethanol and 0.013% Bromophenol blue) was added followed by boiling 5
min, centrifugation and Western blotting.

Immunoblot assays

Western blotting was performed essentially as previously described [4], using the following an-
tibodies: Polyclonal o-MTG reactive with all MTG homologues [38]; rabbit polyclonal anti-his-
tone H3 CHIP grade (# ab1791), rabbit polyclonal a-HIF1o (# ab2185), mouse monoclonal o-

HIF1B (# ab2) (Abcam, Cambridge, UK); mouse monoclonal anti-actin (#sc8432) (Santa Cruz,
CA); rabbit polyclonal o-PHD2/HIF prolyl hydroxylase 2 antibody (# NB100-137) (Novus Bio-
logicals, Littleton, CO); rabbit monoclonal a-hydroxy-HIF1o (Pro-564) (#D43B5) (Cell Signal-
ling, Danvers, MA); mouse monoclonal a-FLAG antibody (# F3165), (Sigma, St. Louis, MO).

GST pulldown assays

GST and GST fusion proteins were expressed in Escherichia coli JM109 cells by transformation
with GST, GST-HIFla and GST-MTG16 in pGEX-4T3 vectors. Recombinant bacterial cells
expressing GST, GST-HIF1lo. and GST-MTG16 were lysed in NTN buffer (100 mM NaCl, 20
mM Tris and 0.1%NP-40) by sonication for 10 min. Lysates were cleared by centrifugation 10
min at 13000 rpm. GST-HIF1lo and GST-MTG16 were bound to glutathione-Sepharose beads
during rotation 2 h at 4°C. The beads were washed five times in NTN buffer containing 1.0
mM EDTA. Then, whole cell lysate was mixed with beads and incubated during rotation over-
night at 4°C. After washing five times with NTN buffer containing 1.0 mM EDTA, bound pro-
teins were eluted with sample buffer during heating at 95°C for 5 min and examined by
Western blotting.

Ubiquitination Assay

Raji-MTG16 cells were transfected with pcDNA3-FLAG-UBIQ and pcDNA3-HA-HIFlo and
incubated in 4% oxygen for 24 h. Cells were harvested, lysed and co-immunoprecipitated with
mouse monoclonal anti-HA antibody (# sc7392), (Santa Cruz, CA) overnight and examined by
Western blotting.

Statistical analysis

The significance of difference between samples was determined by the unpaired Student s ¢
tests or the one- or two-way ANOV A followed by post hoc tests using the Graphpad Prism ver-
sion 5.0a Software (GraphPad Software, Inc., CA), unless stated differently. Single, double and
triple asterisks represent P<<0.05, P<0.001 and P < 0.0001, respectively. Data are presented as
means+SEM.

Results
MTG16 is a HIF1a—interacting protein

In order to detect a direct interaction between HIF1o and MTG16 and to map possible interac-
tion domains, we used bacterially produced fusions of HIF1a with glutathione-S-transferase
(GST). GST-HIF1o was recovered on glutathione—Sepharose beads and examined by
SDS-PAGE. The binding of MTG16 species to HIF1o. in cell lysates from COS-7 cells

PLOS ONE | DOI:10.1371/journal.pone.0123725 May 14,2015 4/16



@’PLOS ‘ ONE

MTG16 Co-Repressor Inhibits HIF1 Activity

A MTG16

NHRL NHR2Z NHR3 NHR4

MTG16: 1-653 1-290 1-354 1-405 290-653

o m 268 394412 485 533556593 653
] - <-70kD
1688 3% WCL [ <550
1-290 input
1.358 v . - <€-35kD
1-405 WB: a-MTG
290653 - <-25kD
B Pulldown: GST-HIF1a C Pulldown: GST

MTG16: 1-653 1-290 1-354 1-405 290-653
WB (&) MTG MTG MTG MTG MTG

MTG16: 1-653 1-290 1-354 1-405 290-653
WB (a-) MTG MTG MTG MTG MTG

-— <-70kD
| 55kD
- ' | bl <€-70kD
‘ <-35kD — <-55kD
_ R e e o <O k. D
WB: o-GST Sl e 40 W0 s < GST-HIF1a > €510
(3% WCL input)
25kD
WB: a-GST GST
MTG16: 1-653 1290 1354 1.405 200-653 290-653
WB (a-):MTG16 MTG16 MTG16 MTG16 MTG16 MTG16
MTG16-> s €700 D  Pulldown: GST-MTG16
&-55kD
HIF1a: +
<€-35kD WB: a-HIF1la < HIFla
MTG16 290-653
. <€-25kD GST-MTG16: +
3% WCL WB: a-GST | & < GST-MTG16

input (3% WCL input)

Fig 1. MTG16 binds to HIF1a in-vitro. A. Scheme of MTG16 protein with Nervy Homology Regions (NHRs)
marked. Truncation constructs investigated are also shown. B. GST pulldown assays using GST-HIF1a were
performed on whole cell lysates (WCL) of COS-7 cells expressing MTG16 or the MTG16 truncation
constructs indicated in panel A. For detection of pulled down MTG16 constructs by Western blotting (WB) two
antibodies were used; a-MTG was raised against amino acids 31-250 of MTG8 and recognizes wild type and
truncation constructs of MTG16 with intact NHR1 [41]. a-MTG16 was raised against amino acids 452—466 of
MTG16 [38]. The MTG16 constructs pulled down by GST-HIF1a and detected by a-MTG (upper panel) are
marked with stars. No signal was detected for the 290—653 construct (lane 5) as it lacks the epitope for a-
MTG antibody. Using the same blotting membrane as in upper panel, the middle panel shows detection by a-
MTG16 of full length MTG16 (lane 1) but not MTG16 290-653 construct (lane 5) demonstrating lack of
pulldown of the latter construct. Serving as a positive control, a-MTG 16 detected the MTG16 290-653
construct in WCL (lane 6). The third panel shows input in whole cell lysate (WCL) of the MTG16 constructs
detected by a-MTG and marked with stars. C. To rule out unspecific binding to GST, pull-down assays using
GST were performed on WCL of COS-7 cells expressing MTG16 or the MTG16 truncation constructs
indicated. No pull-down was observed indicating lack of unspecific binding to GST. The WCL input of GST is
shown at bottom. D. GST pull-down assays using GST-MTG16 were performed on WCL of COS-7 cells
transfected with HIF1a. Pull-down of HIF1a is shown (upper lane). The lower lane shows the WCL input of
GST-MTG16. One out of at least three experiments is shown in B to D.

doi:10.1371/journal.pone.0123725.g001

transfected with MTG16 was investigated. Results showed full length MTG16 to be pulled
down by GST-HIF1a (Fig 1B). A number of MTG16 truncation constructs were used to map
sites of interaction with HIF1o.. MTG16 residues 1-290, 1-354, 1-405 bound to GST-HIFlo.
(Fig 1B). However, a construct consisting of residues 290 to 653 (lacking the NHR1 domain)
was not pulled down by GST-HIF1a. As follows, MTG16 residues 1-290 containing NHR1
(residues 171-268) are sufficient for binding to HIF1o. Binding specificity was confirmed by
lack of interaction of MTG16 with GST (Fig 1C). Furthermore, in the reverse experiment, full
length HIF1 o was pulled down by GST-MTG16 (Fig 1D).

To detect interaction between MTG16 and HIF1o co-immunoprecipitation assays were
used. Ectopic interactions were examined in COS-7 cells transiently transfected with MTG16
and HIFIa. Results from IP-Western analyses showed that MTG16 co-precipitated HIF1o and
the reciprocal IP-Western experiment showed HIF1a. to co-precipitate MTG16 (Fig 2A).

Interaction between HIF1o: and MTG16 was also examined in Raji/MTG16 Tet-On 3G
cells, which were incubated with doxycycline to induce expression of MTG16. The experiments
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Fig 2. MTG16 and HIF1a co-precipitate. A. COS-7 cells were transfected with MTG16 and HIF1a and
examined by IP-Western as described in Materials and Methods using a-MTG and a-HIF1a antibodies.
MTG16 (precipitated with a-MTG) co-precipitated HIF1a (top panel) and the reciprocal experiment showed
HIF1a to co-precipitate MTG 16 (lower panel). The input of HIF1a in 3% whole cell lysate and the
corresponding input of MTG16 are shown in upper and lower panel, respectively. Control experiments with a-
B-actin showed lack of non-specific co-precipitation of HIF1a or MTG 16 (lanes 4). The same membrane was
used for the immunoblotting in upper and lower panel. B. Similar experiments as in A were carried out on
Raji-MTG16 cells, which were induced for 12 h with 20 ng/ml doxycycline (dox) to express MTG16 and
exposed to 4% O, to induce HIF1a. MTG16 (precipitated with a-MTG) co-precipitated HIF 1a (top panel) and
the reciprocal experiment showed HIF1a to co-precipitate MTG16 (lower panel). The input of HIF1a or
MTG16 in 3% of whole cell lysate is shown in lanes 2. As negative control, cells under exposure to 20% O,
not incubated with doxycycline showed no reaction with a-HIF1a or a-MTG (lanes 4). One out of at least three
experiments performed is shown in A and B.

doi:10.1371/journal.pone.0123725.9002

were performed during exposure to 4% O, to increase the level of HIF1o. Results from IP-Wes-
tern analyses showed that MTG16 co-precipitated HIF1a (Fig 2B, top panel) and the reciprocal
experiment showed that HIF1a co-precipitated MTG16 (Fig 2B, lower panel). These data dem-
onstrate binding between MTG16 and HIF1o.

MTG16 is detectable at HIF1a response elements (HRESs) in PFKFBS3,
PFKFB4 and PDK1 promoters in-vitro

As MTG16 does not bind directly to DNA, indirect association might be mediated via a protein
complex containing HIF1o. Electrophoretic mobility shift/supershift assays (EMSA) were used
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PFKFB4-HRE probe: 5 GAATTCACGCGTGCCGCTGCTC 3'
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Fig 3. MTG16 binds to HIF1a response elements in promoter as shown by electrophoretic mobility
shift/supershift assays. Sequences for oligonucleotide probes used containing the HIF1a response
elements (HRE) and flanking regions of PDK1, PFKFB3 or PFKFB4 promoters are depicted. Nuclear extract
was from Raji-MTG16 cells incubated with 20 ng/ml of doxycycline for 12 h to induce expression of MTG16
under exposure to 4% O, to induce HIF1a. The primary DNA-nuclear protein interactions are depicted by
arrows marked shift and the DNA-nuclear protein—antibody interactions are depicted by arrows marked
supershift. A shift is shown for all probes that is competed for by unlabeled probe indicating specific binding of
nuclear extract protein to the biotinylated probe containing the HRE. Protein bound both to PDK1, PFKFB3
and PFKFB4 probes was "super—shifted" by antibody to MTG 16 (a-MTG) but not with antibody to CD63 (a-
CD63) indicating binding of MTG16 to the probe. The results suggest that MTG 16 may bind to HIF1a at the
PDK1, PFKFB3 and PFKFB4 promoters. One out of three experiments performed is shown.

doi:10.1371/journal.pone.0123725.9g003

to examine the capacity for association with HREs in PEKFB3, PFKFB4 and PDK1 promoters.
Biotinylated oligonucleotide probes of HRE core consensus sites with flanking regions (Fig 3)
were incubated with nuclear extracts prepared from Raji-MTG16 cells incubated at 4% O, to
increase HIF1 and with doxycycline for 12 h to induce production of MTG16 in order to inves-
tigate interactions between probe and protein. As a result, nuclear extract proteins showed a
shift indicating binding of protein to the probes (Fig 3). Binding was specific as no shift was ob-
served in the presence of excess unlabeled competitor probe. Furthermore, protein bound to
the labeled probes was “super—shifted” by a-MTG antibody but not with a control antibody.
Our results show that MTG16 becomes associated with HREs within PFKFB3, PFKFB4 and
PDK1 promoters. In addition to the specific shift is an unspecific band—shift for the PDK1
and PFKFB3 promoters, which is unaffected or only weakly affected by the competitor probe
(Fig 3). Nonetheless, the band contains MTG16 as it is lost by super-shifting with o-MTG anti-
body. In conclusion, EMSA demonstrated a capacity of MT'G16 to associate with HREs in
PFKFB3, PFKFB4 and PDK1 promoters in-vitro.

MTG16, HIF1a and HIF1B co-occupy hypoxia response elements
(HRESs) in PFKFB3, PFKFB4 and PDK1 promoters in-vivo.

To get further support for an interaction between MTG16 and HIF1o on promoters, ChIP as-
says were used. We asked whether MTG16 was present in HIF1-containing complexes. Thus,
ChIP assays were performed to detect MTG16, HIF1a and HIF1B co-occupancy in-vivo at
HREs in the promoters of the HIF1 target genes. The assays were performed with chromatin
isolated from Raji/MTG16 Tet-On 3G cells incubated at 4% O, (to activate HIF1o) and with
doxycycline 12 h (to induce expression of MTG16) after which immunoprecipitation with
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Fig 4. MTG binds to HIF1a response elements in-vivo in hypoxia as shown by chromatin
immunoprecipitation (ChIP). ChlP assays were carried out using chromatin isolated from Raji-MTG16 cells
incubated at 4% O, and induced with 20 ng/ml of doxycycline 12 h to express MTG16. Schematics of
promoter regions of PDK1, PFKFB3 or PFKFB4 including HRE are shown. Numbers are relative to
transcription start site (TSS). Positions of primers for real time PCR are indicated. The numbers indicate
nucleotide position in the promoters corresponding to TSS. The protein-DNA complexes were
immunoprecipitated with control a-B-actin, a-MTG (detecting MTG16), a-HIF1a or a-HIF 1 antibodies and
analyzed by qPCR (mean + SEM, n = 3). Enrichment of MTG16, HIF1a and HIF1p on HRE is shown. No
enrichment was seen with control antibody or without antibody.

doi:10.1371/journal.pone.0123725.9g004

antibodies towards MTG16, HIF1o or HIF1 was performed. By the use of primers specific for
HRE sites with flanking regions, qPCR showed amplification products generated by precipita-
tion with either a-MTG, a-HIF1o or o-HIF1, indicating binding in-vivo of MTG16, HIF1a
and HIF1f near HRE sites of PFKFB3, PFKFB4 and PDK1 (Figs 4 and 5).

ChIP assays were also carried out with chromatin isolated from Raji/MTG16 Tet-On 3G
cells incubated at 20% O, (Fig 5) and with doxycycline for 8 or 24 h to induce expression of
MTG16. The results indicated binding in-vivo of MTG16, HIF1o and HIF1 near HRE sites
of PFKFB3, PFKFB4 and PDK1 after 8 h but not after 24 h of incubation with doxycycline (Fig
5). The lack of MTG16 binding of HIF1o. and HIF1p at 24 h is consistent with the MTG16-
mediated total downregulation of HIF1o. that was observed at this time point in cells exposed
to 20% O, (shown below) and serves as an additional control for specificity of MTG16 binding
to HIF1o. In as much as the HIF1a expression was much lower at 20% O, compared to 4%
O,, the results of Fig 5 may be less biologically relevant. However, down regulation of PDK1,
PFKFB3 and PFKFB4 was observed previously during the conditions of 20% O, [34] consis-
tent with a correlation between binding of the MTG16-HIF complex and transcriptional
repression.

HIF1 activates many glycolytic target genes in addition to PFKFB3, PFKFB4 and PDK1 such
as lactate dehydrogenase A (LDHA), hexokinase (HK) and phosphofructokinase-1 (PFKI)
[41]. The promoters of these genes were also strongly downregulated by MTG16 (S1 Fig).
Therefore, we determined whether MTG16 also interacted in-vivo with bound HIF1o on the
LDH, HK and PFK1 promoters. ChIP assays showed binding of MTG16, HIF1a and HIF1B
near HRE sites also at these promoters (Fig 6). The endogenous co-occupancy of glycolytic
gene promoters by both HIF1o. and MTG16 is consistent with the interaction that we detected
between these two proteins.

PLOS ONE | DOI:10.1371/journal.pone.0123725 May 14,2015 8/16



@’PLOS ‘ ONE

MTG16 Co-Repressor Inhibits HIF1 Activity

—_ +24 +41 o —_ -1290 -1274<_ — -429 -422 -—
4 103 . -1196 - -337
o PDK1 137 PFKFB3 42 PFKFB4
40 " 300 =3 h 30 1
30 8h |gh
®24h 200 ®24h 20 1 W24 h
20
10 100 10 1
- 0 0 0 -
c a-MTG a-B-actin - noAb a-MTG a-B-actin - no Ab a-MTG a-B-actin  no Ab
[
£ 40 1000 250
£ 30 200
(2] 150
‘= 20 500 100
c
o 10 50
- 0 0 0
° a-HIF1a a-B-actin - no Ab a-HIF1a a-p-actin  noAb a-HIF1a a-B-actin - no Ab
w
40 3000 500
30 2000 a0
20 300
1000 200
10 100
0 0
a-HIF1B a-B-actin - no Ab a-HIF1B  a-B-actin  no Ab a-HIF1B a-B-actin - no Ab

Fig 5. MTG binds to HIF1a response elements in-vivo in normoxia as shown by chromatin
immunoprecipitation (ChIP). ChIP assays were carried out as described in Fig 4 but chromatin was isolated
from Raji-MTG16 cells incubated under 20% O, with 20 ng/ml of doxycycline for 8 or 24 h to induce
expression of MTG16. Using chromatin extracted from the cells enrichment of MTG16, HIF1a and HIF13 on
HRE is shown at 8 h of doxycyline incubation whereas no enrichment is observed at 24 h of incubation

(mean £ SEM, n = 3). No enrichment was seen with control antibody or without antibody. Results from three

experiments performed are shown.

doi:10.1371/journal.pone.0123725.9005
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Fig 6. Chromatin immunoprecipitation (ChIP) analysis is consistent with in-vivo interaction of MTG16
and HIF1a on the promoters of LDH, HK and PFK. ChIP assays were carried out as described in Materials
and Methods using chromatin isolated from Raji-MTG16 cells incubated under exposure to 4% O, with 20 ng/
ml of doxycycline for 8 h to induce production of MTG16. Schematic drawings of promoter regions including
HRE are shown. Numbers are relative to TSS. Positions of primers for real time PCR are indicated. The
protein-DNA complexes were immunoprecipitated with a-MTG (detecting MTG16), a-HIF1a, a-HIF1 or a-B-
actin antibodies and analyzed by qPCR (meantSEM, n = 3). Enrichment of MTG16, HIF1a and HIF13 on
HRE is shown. No enrichment was seen without antibody or with a-B-actin antibody.

doi:10.1371/journal.pone.0123725.9g006

PLOS ONE | DOI:10.1371/journal.pone.0123725 May 14,2015

9/16



@’PLOS ‘ ONE

MTG16 Co-Repressor Inhibits HIF1 Activity

MTG16 promotes HIF-1a degradation

The HIF1o. mRNA levels in Raji/MTG16 Tet-On 3G cells incubated with doxycycline to pro-
duce MTG16 showed no significant decrease (data not shown) indicating the co-repressor not
to regulate HIF1a gene expression. However, the MTG16 interactions shown by IP-Western
and ChIP analyses may diminish HIF1a protein stability and thereby suppress HIF1 activity.
The a-MTG antibody was used in Western blotting because of its sensitivity for detection of
MTGs [38]. a-MTG did not detect any MTG isoforms in Raji cells when MTG16 was not ec-
topically expressed (Fig 7). Therefore, this antibody detects only MTG16 in these cells when in-
duced by incubation with doxycycline. HIF1a: stability was investigated both at 20% and 4%
O,. For detection of HIF1a. by Western blotting in experiments performed at 20% O, film ex-
posures were prolonged to compensate for a lower level of HIF1o compared to conditions at
4% O, as indicated in legends to Figs 7 and 8. Results from time course experiments demon-
strated that MTG16 destabilized HIF1o during exposure to 20% O, (Fig 7A); HIF1a became
undetectable between 8 and 16 h of incubation with doxycycline. Results from similar experi-
ments performed during exposure to 4% O, (to increase the level of HIF1ct) showed that
HIF1o decreased after 18 to 24 h of incubation with doxycycline, as compared to incubation
without doxycycline (Fig 7B). However, the decrease during hypoxia was less pronounced as
compared to 20% O,, indicating dependency on the level of O, and HIF1o.

A decrease in HIF1a protein could result from either decreased biosynthesis or increased
degradation. HIF1a is hydroxylated on one of two conserved prolyl residues predominantly by
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Fig 7. MTG16 reduces the level of HIF1a. A. The level of HIF1a was examined by Western blotting in
lysates from Raji-MTG16 cells incubated under exposure to 20% O, with 20 ng/ml of doxycycline to induce
synthesis of MTG16 (as detected by a-MTG). HIF1a becomes undetectable after 8 to 16 h of incubation.
Blotting data from one out of three experiments is shown (top). The intensity of the bands was quantified by
densitometry and expressed as HIF1a/B-actin ratio, n = 3. The level of HIF1a was reduced after 16 h; n =3,
**%*P<0.001(bottom). B. The level of HIF1a was examined by Western blotting using the a-MTG antibody in
lysates from Raji-MTG16 cells incubated under hypoxia with 4% oxygen with or without 20 ng/ml of
doxycycline to induce synthesis of MTG16. Blotting data from one out of three experiments is shown (top). To
compensate for a lower level of HIF1a at normoxia compared to hypoxia, the exposure time of photographic
film was 60 sec for experiments performed at 20% O, (A) compared to 20 sec for experiments carried out at
4% O, (B). The intensity of the bands was quantified by densitometry and expressed as HIF1a/B-actin ratio.
The level of HIF1a was reduced after 24 h; n = 3, **P<0.01(bottom).

doi:10.1371/journal.pone.0123725.g007
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Fig 8. MTG16 interacts with PHD2 and induces ubiquitination and proteasomal degradation of HIF1a.
A. Raji-MTG16 cells were co-transfected with HA-HIF1a and FLAG-Ubiquitinin and incubated 48 h at 4% O,
with 20 ng/ml of doxycycline inducing production of MTG16. Cell lysate was subjected to immunoprecipitation
with anti a-HA antibody followed by Western blotting using a-FLAG antibody to detect ubiquitinated HIF1a,
which was increased in doxycycline induced cells. Middle panel shows co-precipitation of MTG16 by a-HA
but not by a-B-actin, serving as a negative control. The lower panel shows the input of HIF1a in whole cell
lysate. B. The intensity of the HIF1a-ubiquitin bands in A (top) were quantified by densitometry and
expressed as HIF1a-ubiquitin/B-actin ratio. The level of ubiquitinated HIF1a was increased in cells incubated
with doxycycline; n = 3, ***P<0.001. C. Cells were incubated 12 h at 4% O, with 20 ng/ml of doxycycline to
induce production of MTG16. Both MTG16 and HIF1a co-precipitated with prolylhydroxylase D2 (PHD2) in
whole cell lysates. D. By use of Western blotting with an anti-hydroxyproline antibody to hydroxyproline-564
in HIF1a (Hyp-564) hydroxylation of HIF1a was detected within 4 h of incubation with 20 ng/ml doxycycline at
20% O,. Hours on abscissa refer to beginning of incubation with doxycycline. The expected downregulation
of HIF-1a with time after induction of MTG16 is seen. E. Experiments were performed to detect hydroxylation
of HIF1a also at 4% O, during incubation with 20 ng/ml doxycycline. Hours on abscissa refer to beginning of
hypoxic conditions. The results confirm hydroxylation of Pro-564 in HIF1a by MTG16 at 4% O,. F. Cells
incubated at 20% O, with and without 20 ng/ml of doxycycline to induce production of MTG16 were co-
incubated with the proteasomal inhibitor MG 132 for 24 h. The inhibitor strongly protected against degradation
of HIF1a. G. Similar experiments as in F were performed at 4% O,. The results confirmed strong protection
against MTG16—-induced degradation by MG132. The exposure of photographic film was 20 sec for A, E and
Gand 90 secforDandF.

doi:10.1371/journal.pone.0123725.g008

prolyl hydroxylase domain—containing protein 2 (PHD2) [42] as a requisite for its polyubiqui-
tination and proteasomal degradation. Therefore, we investigated if HIF-10 was ubiquitinated
in response to MTG16. Raji-MTG16 cells co-transfected with HA-HIF1 o and FLAG-ubiquiti-
nin were incubated during exposure to 4% O, with doxycycline to induce production of
MTGI16. Examination of immunoprecipitated HA-HIF1o by o-FLAG antibody showed that
HA-HIF1a ubiquitination indeed was increased by MTG16 (Fig 8A and 8B).

Concomitant interactions of MTG16 with HIF1o. and PHD2 may increase the rate of hy-
droxylation. We investigated binding of MTG16 to PHD2 by use of IP-Western analyses in
Raji-MTG16 cells incubated during exposure to 4% O, for 12 h with doxycycline to induce
MTG16 production. Both MTG16 (precipitated with a-MTG) and HIF1a (precipitated with
o-HIF1o) co-precipitated PHD2 in whole cell lysate (Fig 8C). This result indicates that
MTGI6 interacted not only with HIF1a but also with PHD2. As these co-immunoprecipitation
experiments were carried out with ectopically synthesized proteins they are unlikely to reflect
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unspecific interactions. Further support for MTG16-mediated prolyl hydroxylation of HIF1o
was achieved by immunoblotting with an antibody that specifically recognizes hydroxyproline
at residue 564 of HIF1o. (Hyp-564-HIF10a). Hydroxylation of Hyp-564 was detected in Raji-
MTG16 cells within 4 h of incubation with doxycycline at both 20% O, (Fig 8D) and 4% O,
(Fig 8E). The expected down regulation of HIF1o with time after induction of MTG16 is seen
in both cases. The results indicate that MTG16-mediated hydroxylation may be followed by
proteasomal degradation of HIF1o. In support of this, the proteasomal inhibitor MG132
strongly inhibited MTG16-mediated HIF1a decrease both during exposure to 20% (Fig 8F)
and 4% O, (Fig 8G).

Collectively, our results demonstrate that MTG16 reduces HIF1a protein levels through
the prolyl hydroxylation—dependent pathway for ubiquitination and following proteasomal
degradation.

Discussion

Published results [1] showing that MTG16 can inhibit glycolysis and stimulate mitochondrial
respiration by affecting expression of some HIF1 target genes (PFKFB3/4 and PDK1), sug-
gested a possible negative regulation of HIF1, which controls expression of glycolytic genes

in response to hypoxia / tumorigenesis. In this study, we demonstrate that the MTG16 co-
repressor is an opposing regulator of HIF1 by serving as a HIF1a-interacting protein with an
amplifying effect on HIF1o hydroxylation and proteasomal degradation.

HIF1 is usually not activated at non-hypoxic conditions except in certain neoplastic cells
such as those used for the experiments in this work. The relevance of MTG16-mediated reduc-
tion of HIF1a observed under the non-hypoxic conditions may be questioned, as HIF1o was
much lower than in the cells exposed to hypoxia. However, the complete degradation of HIF1o.
at 20% O, concomitant with loss of MTG16 co-occupancy of glycolytic gene promoters
strengthened the role of a HIF1o interaction. Total degradation of HIF1o: at 20% O, by
MTG16 might reflect a low HIF1o level, but degradation was observed at mild hypoxia too
when the HIF1o: level is vigorously increased. The significance of this finding is strengthened
by the reduced expression of HIF1o. target genes observed in the presence of MTG16 during
mild hypoxia (S1 Fig).

The MTG family of co-repressors is involved in transcriptional repression [2]. The MTG
isoforms share the evolutionary highly conserved Nervy Homology Regions (NHRs) 1 to 4
[43]. The finding that the N-terminal MTG16 residues including NHR1 were sufficient for
the binding of HIF1a is consistent with this domain being a structural scaffold for multiple
transcription factors [44]. On the other hand, the MTG16-mediated inhibition of glycolytic
gene expression required intact NHR2-3 [1] consistent with that the importance of the latter
modules for oligomerization, protein—protein interaction with other co-repressors such as
N-CoR and SMRT [15] and interactions with HDACs [15,44,45] required for transcriptional
repression. The finding by EMSA that MTG16 associated with HREs within glycolytic gene
promoters and the findings by ChIP assays that HIF1a-MTG16 interaction also takes place at
these promoters near HRE sites indicates that MTG16 may affect transcriptional activity of
HRE-bound HIFla. Furthermore, recruitment of MTG16 to HREs was suggested to be
HIF1lo dependent because it was lost at 24 h of incubation with doxycycline at 20% O, (Fig 5)
when HIF1a was degraded. HIF1a is normally kept inactive during non-hypoxic conditions
by post-translational hydroxylation at conserved critical prolyl residues catalysed in particu-
lar by the prolyl—hydroxylase—domain (PHD)-containing enzyme prolyl hydroxylase
PHD?2 [46]. Hydroxylation is followed by ubiquitination by the von-Hippel—Lindau tumour
suppressor protein (VHL) and proteasomal degradation of HIF1lo: [47]. As PHD proteins
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require oxygen for catalytic activity, HIF1o is normally stabilized and active when PHD pro-
teins become inactivated during hypoxia [48]. However, in contrast to normal, certain neo-
plastic cells show O, independent constitutive expression of HIF1o [33]. MTG16-mediated
degradation was observed both at 20% O, and during hypoxia. That MTG16 in both cases
augmented recruitment of PHD2 to HIF1lo: and amplified its degradation through a PHD/
VHL—dependent pathway is consistent with the combined interaction that we discovered be-
tween HIF1a and PHD2. The hydroxylation of Proline-564 of HIF1o by MTG16 observed
not only at 20% O, but also at mild hypoxia is consistent with the HIF1o. degradation ob-
served. Earlier studies have indicated hydroxylation of HIFla at Proline-564 during condi-
tions of mild hypoxia [49,50].

Both O,/PHD/VHL—dependent and—independent mechanisms regulate HIF1a protein
levels. For example, the OS-9 protein is a negative O,-dependent regulator of HIF1 that in-
creases prolyl hydroxylation by interacting with HIF1o. and PHDs [51]. Hsp70 promotes ubi-
quitination and proteasomal degradation of HIF1a by recruiting the ubiquitin ligase CHIP
[52]. The tumour suppressor Sirtuin 6 acts as a HIF1o co-repressor at glycolytic target genes
through deacetylation of Lys9 of Histone 3 [53]. Furthermore, the mitochondrial tumour sup-
pressor Sirtuin 3 promotes destabilization of HIF1o [54,55]. Our results add MTGI16 as a
novel negative regulator of HIF1q possibly acting by a PHD/VHL—dependent mechanism.
MTG16 is known as a chromatin repressor, which can bind other co-repressors and recruit
HDAC [13] with an epigenetic role in gene transcription. Our results indicate an additional
function for MTG16 on HIF1-mediated transcription merely by degrading HIF1o.. It remains
to be investigated whether the MTG isoforms MTGR1 and MTGS8 also contribute to HIF1a
hydroxylation and proteasomal degradation. Furthermore, it may be of interest to investigate
whether the leukemia fusion protein AML1-MTG16 [10] retains the MTG16 ability for degra-
dation of HIF1a.

The present results suggest a mechanism through which MTG16 could contribute to pro-
longed downregulation of glycolytic genes. This is consonant with MTG16-mediated inhibition
of the expression of the glycolytic genes and the PDK1 gene concomitant with a metabolic
switch towards mitochondrial respiration [1]. In summary, we identified the co-repressor
MTGI16 to be a novel binding partner of HIF1a and a negative regulator of its stability. Our re-
sults depict molecular mechanisms that have a potential to modulate functional interactions
between key proteins regulating the metabolism of neoplastic cells.

Supporting Information

S1 Table. Primers used for ChIP-PCR amplification. Primers were designed using Primer 3
plus software.
(DOCX)

S1 Fig. MTG16 inhibition of LDH, HK and PFK expression. The time course is shown for
transcriptional expression of LDH, HK and PFK in Raji/MTG16 Tet-On 3G cells during incu-
bation with 20 ng/ml doxycycline under hypoxic conditions (4% O,). Doxycycline induction of
MTGI16 diminished hypoxia induction of LDH, HK and PFK expression. Data are represented
as mean = SEM for n = 3.

(TIFF)

Acknowledgments
We are grateful to Ann-Maj Persson and Karina Vidovic for kind help and guidance.

PLOS ONE | DOI:10.1371/journal.pone.0123725 May 14,2015 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123725.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123725.s002

@’PLOS ‘ ONE

MTG16 Co-Repressor Inhibits HIF1 Activity

Author Contributions

Conceived and designed the experiments: PK RA UG IO. Performed the experiments: PK RA.
Analyzed the data: PK RA UG IO. Contributed reagents/materials/analysis tools: UG. Wrote
the paper: PK RA UG IO. Graphpad Prism software shared: UG.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

Kumar P, Sharoyko VV, Spegel P, Gullberg U, Mulder H, Olsson |, et al. (2013) The transcriptional co-
repressor myeloid translocation gene 16 inhibits glycolysis and stimulates mitochondrial respiration.
PLoS One 8:e68502. doi: 10.1371/journal.pone.0068502 PMID: 23840896

Rossetti S, Hoogeveen AT, Sacchi N (2004) The MTG proteins: chromatin repression players with a
passion for networking. Genomics 84: 1-9. PMID: 15203199

Hunt A, Fischer M, Engel ME, Hiebert SW (2011) Mtg16/Eto2 Contributes to Murine T-Cell Develop-
ment. Molecular and Cellular Biology 31:2544-2551. doi: 10.1128/MCB.01458-10 PMID: 21536648

Lindberg SR, Olsson A, Persson AM, Olsson | (2005) The Leukemia-associated ETO homologues are
differently expressed during hematopoietic differentiation. Exp Hematol 33: 189-198. PMID: 15676213

Erickson P, Gao J, Chang KS, Look T, Whisenant E, Raimondi S, et al. (1992) Identification of break-
points in t(8;21) acute myelogenous leukemia and isolation of a fusion transcript, AML1/ETO, with simi-
larity to Drosophila segmentation gene, runt. Blood 80: 1825-1831. PMID: 1391946

Guastadisegni MC, Lonoce A, Impera L, Di Terlizzi F, Fugazza G, Aliano S, et al. (2010) CBFA2T2 and
C200rf112: two novel fusion partners of RUNX1 in acute myeloid leukemia. Leukemia 24: 1516—-1519.
doi: 10.1038/leu.2010.106 PMID: 20520637

Miyoshi H, Kozu T, Shimizu K, Enomoto K, Maseki N, Kaneko Y, et al. (1993) The 1(8;21) translocation
in acute myeloid leukemia results in production of an AML1-MTG8 fusion transcript. EMBO J 12:
2715-2721. PMID: 8334990

Nisson PE, Watkins PC, Sacchi N (1992) Transcriptionally active chimeric gene derived from the fusion
of the AML1 gene and a novel gene on chromosome 8 in 1(8;21) leukemic cells. Cancer Genet Cyto-
genet 63: 81-88. PMID: 1423235

Downing JR, Head Dr, Curcio-Brint AM, Hulshof MG, Motroni TA, Raimondi SC, et al. (1993) An AML1/
ETO fusion transcript is consistently detected by RNA-based polymerase chain reaction in acute mye-
logenous leukemia containing the (8;21)(g22;922) translocation. Blood 81(11):2860-5. PMID:
8499624

Gamou T, Kitamura E, Hosoda F, Shimizu K, Shinohara K, Hayashi Y, et al. (1998) The partner gene
of AML1 in t(16;21) myeloid malignancies is a novel member of the MTG8(ETO) family. Blood 91:
4028-4037. PMID: 9596646

Hildebrand D, Tiefenbach J, Heinzel T, Grez M, Maurer AB (2001) Multiple regions of ETO cooperate in
transcriptional repression. J Biol Chem 276: 9889—9895. PMID: 11150306

Lutterbach B SD, Schuetz J, Hiebert SW (1998) The MYND motif is required for repression of basal
transcription from the multidrug resistance 1 promoter by the 1(8;21) fusion protein. Mol Cell Biol 18:
3604-3611. PMID: 9584201

Hoogeveen AT, Rossetti S, Stoyanova V, Schonkeren J, Fenaroli A, Schiaffonati L, et al. (2002) The
transcriptional corepressor MTG16a contains a novel nucleolar targeting sequence derangedin t (16;
21)-positive myeloid malignancies. Oncogene 21: 6703-6712. PMID: 12242670

Amann JM, Nip J, Strom DK, Lutterbach B, Harada H, Lenny N, et al. (2001) ETO, a target of t(8;21) in
acute leukemia, makes distinct contacts with multiple histone deacetylases and binds mSin3A through
its oligomerization domain. Mol Cell Biol 21: 6470-6483. PMID: 11533236

Gelmetti V, Zhang J, Fanelli M, Minucci S, Pelicci PG, Lazar M A (1998) Aberrant recruitment of the nu-
clear receptor corepressor-histone deacetylase complex by the acute myeloid leukemia fusion partner
ETO. Mol Cell Biol 18:7185-7191. PMID: 9819405

Wang J, Hoshino T, Redner RL, Kajigaya S, Liu JM (1998) ETO, fusion partner in t(8;21) acute myeloid
leukemia, represses transcription by interaction with the human N-CoR/mSin3/HDAC1 complex. Proc
Natl Acad Sci U S A 95: 10860-10865. PMID: 9724795

Gelmetti V ZJ, Fanelli M, Minucci S, Pelicci PG, Lazar MA (1998) Aberrant recruitment of the nuclear re-
ceptor co-repressor-histone deacetylase complex by the acute myeloid leukemia fusion partner ETO.
Mol Cell Biol 18: 7185-7191. PMID: 9819405

Warburg O (1956) On the origin of cancer cells. Science 123: 309-314. PMID: 13298683

Hsu PP, Sabatini DM (2008) Cancer cell metabolism: Warburg and beyond. Cell 134: 703-707. doi:
10.1016/j.cell.2008.08.021 PMID: 18775299

PLOS ONE | DOI:10.1371/journal.pone.0123725 May 14,2015 14/16


http://dx.doi.org/10.1371/journal.pone.0068502
http://www.ncbi.nlm.nih.gov/pubmed/23840896
http://www.ncbi.nlm.nih.gov/pubmed/15203199
http://dx.doi.org/10.1128/MCB.01458-10
http://www.ncbi.nlm.nih.gov/pubmed/21536648
http://www.ncbi.nlm.nih.gov/pubmed/15676213
http://www.ncbi.nlm.nih.gov/pubmed/1391946
http://dx.doi.org/10.1038/leu.2010.106
http://www.ncbi.nlm.nih.gov/pubmed/20520637
http://www.ncbi.nlm.nih.gov/pubmed/8334990
http://www.ncbi.nlm.nih.gov/pubmed/1423235
http://www.ncbi.nlm.nih.gov/pubmed/8499624
http://www.ncbi.nlm.nih.gov/pubmed/9596646
http://www.ncbi.nlm.nih.gov/pubmed/11150306
http://www.ncbi.nlm.nih.gov/pubmed/9584201
http://www.ncbi.nlm.nih.gov/pubmed/12242670
http://www.ncbi.nlm.nih.gov/pubmed/11533236
http://www.ncbi.nlm.nih.gov/pubmed/9819405
http://www.ncbi.nlm.nih.gov/pubmed/9724795
http://www.ncbi.nlm.nih.gov/pubmed/9819405
http://www.ncbi.nlm.nih.gov/pubmed/13298683
http://dx.doi.org/10.1016/j.cell.2008.08.021
http://www.ncbi.nlm.nih.gov/pubmed/18775299

@’PLOS ‘ ONE

MTG16 Co-Repressor Inhibits HIF1 Activity

20.

21,

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

Vander Heiden MG, Cantley LC, Thompson CB (2009) Understanding the Warburg effect: the metabol-
ic requirements of cell proliferation. Science 324: 1029—1033. doi: 10.1126/science.1160809 PMID:
19460998

Palsson-McDermott EM, O'Neill LA (2013) The warburg effect then and now: from cancer to inflamma-
tory diseases. Bioessays 35: 965-973. doi: 10.1002/bies.201300084 PMID: 24115022

Chesney J MR, Benigni F, Bacher M, Spiegel L, Al-Abed Y, Han JH, et al. (1999) An inducible gene
product for 6-phosphofructo-2-kinase with an AU-rich instability element: role in tumor cell glycolysis
and the Warburg effect. Proc Natl Acad SciU S A 96: 3047-3052. PMID: 10077634

Minchenko O, Opentanova I, Caro J (2003) Hypoxic regulation of the 6-phosphofructo-2-kinase/
fructose-2,6-bisphosphatase gene family (PFKFB-1-4) expression in vivo. FEBS Lett 554: 264—-270.
PMID: 14623077

Minchenko O, Opentanova I, Minchenko D, Ogura T, Esumi H (2004) Hypoxia induces transcription of
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase-4 gene via hypoxia-inducible factor-1alpha acti-
vation. FEBS Lett 576: 14-20. PMID: 15474002

Kim JW, Tchernyshyov |, Semenza GL, Dang CV (2006) HIF-1-mediated expression of pyruvate dehy-
drogenase kinase: a metabolic switch required for cellular adaptation to hypoxia. Cell Metab 3: 177—
185. PMID: 16517405

Wang GL, Jiang BH, Rue EA, Semenza GL (1995) Hypoxia-inducible factor 1 is a basic-helix-loop-
helix-PAS heterodimer regulated by cellular O2 tension. Proc Natl Acad Sci U S A 92: 5510-5514.
PMID: 7539918

Salceda S and Caro J. (1997) Hypoxia-inducible Factor 1a (HIF-1a) Protein Is Rapidly Degraded by the
Ubiquitin-Proteasome System under Normoxic Conditions. lts stablization by hypoxia depends on
redox-induced changes. J Biol Chem 272: 22642-22647. PMID: 9278421

Arany Z, Huang LE, Eckner R, Bhattacharya S, Jiang C, Goldberg M A, et al. (1996) An essential role
for p300/CBP in the cellular response to hypoxia. Proc Natl Acad Sci U S A 93: 12969-12973. PMID:
8917528

Jiang BH, Rue E, Wang GL, Roe R, Semenza GL (1996) Dimerization, DNA binding, and transactiva-
tion properties of hypoxia-inducible factor 1. J Biol Chem 271:17771-17778. PMID: 8663540

Lum JJ, Bui T, Gruber M, Gordan JD, DeBerardinis RJ, Covello KL, et al. (2007) The transcription factor
HIF-1alpha plays a critical role in the growth factor-dependent regulation of both aerobic and anaerobic
glycolysis. Genes Dev 21: 1037—-1049. PMID: 17437992

Seagroves TN, Ryan HE, Lu H, Wouters BG, Knapp M, Thibault P, et al. (2001) Transcription Factor
HIF-1 Is a Necessary Mediator of the Pasteur Effectin Mammalian Cells. Molecular and Cellular Biolo-
gy 21:3436-3444. PMID: 11313469

Greer SN, Metcalf JL, Wang Y, Ohh M (2012) The updated biology of hypoxia-inducible factor. EMBO J
31:2448-2460. doi: 10.1038/emboj.2012.125 PMID: 22562152

Semenza GL (2010) Defining the role of hypoxia-inducible factor 1 in cancer biology and therapeutics.
Oncogene 29: 625-634. doi: 10.1038/onc.2009.441 PMID: 19946328

Pulvertaft JV (1964) Cytology of Burkitt's Tumour (African Lymphoma). Lancet 1: 238—-240. PMID:
14086209

Jensen FC, Girardi AJ, Gilden RV, Koprowski H (1964) Infection of Human and Simian Tissue Cultures
with Rous Sarcoma Virus. Proc Natl Acad Sci U S A 52: 53-59. PMID: 14192657

Ginzinger DG (2002) Gene quantification using real-time quantitative PCR: An emerging technology
hits the mainstream. Experimental Hematology 30: 503-512. PMID: 12063017

Ajore R, Dhanda RS, Gullberg U and Inge Olsson (2010) Research article The leukemia associated
ETO nuclear repressor gene is regulated by the GATA-1 transcription factor in erythroid/megakaryocyt-
ic cells. BMC Molecular Biology 11: 15. doi: 10.1186/1471-2199-11-15 PMID: 20156357

Lindberg SR, Olsson A., Persson A.M., Olsson . (2003) Interactions between the leukaemia-associat-
ed ETO homologues of nuclear repressor proteins. Eur J Haematol 71: 439-447. PMID: 14703694

Luo W, Hu H, Chang R, Zhong J, Knabel M, O'Meally R, et al. (2011) Pyruvate kinase M2 is a PHD3-
stimulated coactivator for hypoxia-inducible factor 1. Cell 145: 732-744. doi: 10.1016/j.cell.2011.03.
054 PMID: 21620138

Olsson A, Olsson |, Dhanda RS. (2008) Transcriptional repression by leukaemia-associated ETO fami-
ly members can be independent of oligomerization and coexpressed hSIN3B and N-CoR. Biochim Bio-
phys Acta 1779: 590-598. doi: 10.1016/j.bbagrm.2008.06.001 PMID: 18586123

Denko NC (2008) Hypoxia HIF1 and glucose metabolism in the solid tumor. Nature Reviews Cancer 8:
705-713. doi: 10.1038/nrc2468 PMID: 19143055

PLOS ONE | DOI:10.1371/journal.pone.0123725 May 14,2015 15/16


http://dx.doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
http://dx.doi.org/10.1002/bies.201300084
http://www.ncbi.nlm.nih.gov/pubmed/24115022
http://www.ncbi.nlm.nih.gov/pubmed/10077634
http://www.ncbi.nlm.nih.gov/pubmed/14623077
http://www.ncbi.nlm.nih.gov/pubmed/15474002
http://www.ncbi.nlm.nih.gov/pubmed/16517405
http://www.ncbi.nlm.nih.gov/pubmed/7539918
http://www.ncbi.nlm.nih.gov/pubmed/9278421
http://www.ncbi.nlm.nih.gov/pubmed/8917528
http://www.ncbi.nlm.nih.gov/pubmed/8663540
http://www.ncbi.nlm.nih.gov/pubmed/17437992
http://www.ncbi.nlm.nih.gov/pubmed/11313469
http://dx.doi.org/10.1038/emboj.2012.125
http://www.ncbi.nlm.nih.gov/pubmed/22562152
http://dx.doi.org/10.1038/onc.2009.441
http://www.ncbi.nlm.nih.gov/pubmed/19946328
http://www.ncbi.nlm.nih.gov/pubmed/14086209
http://www.ncbi.nlm.nih.gov/pubmed/14192657
http://www.ncbi.nlm.nih.gov/pubmed/12063017
http://dx.doi.org/10.1186/1471-2199-11-15
http://www.ncbi.nlm.nih.gov/pubmed/20156357
http://www.ncbi.nlm.nih.gov/pubmed/14703694
http://dx.doi.org/10.1016/j.cell.2011.03.054
http://dx.doi.org/10.1016/j.cell.2011.03.054
http://www.ncbi.nlm.nih.gov/pubmed/21620138
http://dx.doi.org/10.1016/j.bbagrm.2008.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18586123
http://dx.doi.org/10.1038/nrc2468
http://www.ncbi.nlm.nih.gov/pubmed/19143055

@’PLOS ‘ ONE

MTG16 Co-Repressor Inhibits HIF1 Activity

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kaelin WG (2005) Proline hydroxylation and gene expression. Annu Rev Biochem 74: 115-128. PMID:
15952883

Kitabayashi I, Ida K, Morohoshi F, Yokoyama A, Mitsuhashi N, Shimizu K, et al. (1998) The AML1-
MTG8 leukemic fusion protein forms a complex with a novel member of the MTG8(ETO/CDR) family,
MTGR1. Mol Cell Biol 18: 846-858. PMID: 9447981

Wei Y, Liu S, Lausen J, Woodrell C, Cho S, Biris N, et al. (2007) A TAF4-homology domain from the co-
repressor ETO is a docking platform for positive and negative regulators of transcription. Nat Struct Mol
Biol 14:653-661. PMID: 17572682

Lutterbach B, Westendorf JJ, Linggi B, Patten A, Moniwa M, Davie JR, et al. (1998) ETO, a target of t
(8;21) in acute leukemia, interacts with the N-CoR and mSin3 corepressors. Mol Cell Biol 18: 7176—
7184. PMID: 9819404

Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O'Rourke J, Mole DR, et al. (2001) C. elegans EGL-
9 and mammalian homologs define a family of dioxygenases that regulate HIF by prolyl hydroxylation.
Cell 107:43-54. PMID: 11595184

Maxwell PH, Wiesener MS, Chang GW, Clifford SC, Vaux EC, Cockman ME, et al. (1999) The tumour
suppressor protein VHL targets hypoxia-inducible factors for oxygen-dependent proteolysis. Nature
399: 271-275. PMID: 10353251

Aragonés J, Fraisl P, Baes M, and Carmeliet P (2009) Oxygen sensors at the crossroad of metabolism.
Cell Metab 9.

Chan DA, Sutphin PD, Denko NC, Giaccia AJ (2002) Role of prolyl hydroxylation in oncogenically stabi-
lized hypoxia-inducible factor-1alpha. J Biol Chem 277:40112-40117. PMID: 12186875

Chan DA, Sutphin PD, Yen SE, Giaccia AJ (2005) Coordinate regulation of the oxygen-dependent deg-
radation domains of hypoxia-inducible factor 1 alpha. Mol Cell Biol 25: 6415-6426. PMID: 16024780

Baek JH, Mahon PC, Oh J, Kelly B, Krishnamachary B, Pearson M, et al. (2005) OS-9 interacts with
hypoxia-inducible factor 1alpha and prolyl hydroxylases to promote oxygen-dependent degradation of
HIF-1alpha. Mol Cell 17: 503-512. PMID: 15721254

Luo W, Zhong J, Chang R, Hu H, Pandey A, Semenza GL (2010) Hsp70 and CHIP selectively mediate
ubiquitination and degradation of hypoxia-inducible factor (HIF)-1alpha but Not HIF-2alpha. J Biol
Chem 285: 3651-3663. doi: 10.1074/jbc.M109.068577 PMID: 19940151

Sebastian C, Zwaabs BM, Silberman DM, Gymrek M, Goren A, Zhong L, et al. (2012) The histone dea-
cetylase SIRT6 is a tumor suppressor that controls cancer metabolism. Cell 151: 1185-1199. doi: 10.
1016/j.cell.2012.10.047 PMID: 23217706

Bell EL, Emerling BM, Ricoult SJ, Guarente L (2011) SirT3 suppresses hypoxia inducible factor 1alpha
and tumor growth by inhibiting mitochondrial ROS production. Oncogene 30: 2986-2996. doi: 10.
1038/onc.2011.37 PMID: 21358671

Finley LW, Carracedo A, Lee J, Souza A, Egia A, Zhang J, et al. (2011) SIRT3 opposes reprogramming
of cancer cell metabolism through HIF1a destabilization. Cancer Cell 19: 416—428. doi: 10.1016/j.ccr.
2011.02.014 PMID: 21397863

PLOS ONE | DOI:10.1371/journal.pone.0123725 May 14,2015 16/16


http://www.ncbi.nlm.nih.gov/pubmed/15952883
http://www.ncbi.nlm.nih.gov/pubmed/9447981
http://www.ncbi.nlm.nih.gov/pubmed/17572682
http://www.ncbi.nlm.nih.gov/pubmed/9819404
http://www.ncbi.nlm.nih.gov/pubmed/11595184
http://www.ncbi.nlm.nih.gov/pubmed/10353251
http://www.ncbi.nlm.nih.gov/pubmed/12186875
http://www.ncbi.nlm.nih.gov/pubmed/16024780
http://www.ncbi.nlm.nih.gov/pubmed/15721254
http://dx.doi.org/10.1074/jbc.M109.068577
http://www.ncbi.nlm.nih.gov/pubmed/19940151
http://dx.doi.org/10.1016/j.cell.2012.10.047
http://dx.doi.org/10.1016/j.cell.2012.10.047
http://www.ncbi.nlm.nih.gov/pubmed/23217706
http://dx.doi.org/10.1038/onc.2011.37
http://dx.doi.org/10.1038/onc.2011.37
http://www.ncbi.nlm.nih.gov/pubmed/21358671
http://dx.doi.org/10.1016/j.ccr.2011.02.014
http://dx.doi.org/10.1016/j.ccr.2011.02.014
http://www.ncbi.nlm.nih.gov/pubmed/21397863

